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Chapter 1 Executive Summary 
 
Organic dyes are a group of major pollutants found in the wastewater which is discharged from 
many textile industries. They raised a growing public concern in terms of their environmental 
impact.  Several treatment methods have been trialled, especially advanced oxidation processes 
(AOPs), e.g. photolysis and Fenton process, ozonation, sonolysis and electrochemical oxidation. 
Currently, extensive research has been done using TiO2 as the photocatalyst under UV light to 
degrade organic dyes in water. However, the process using TiO2 was found to be economically 
unviable because of high maintenance cost and energy consumption of UV lamp. The heterogeneous 
photo-Fenton process utilizing visible light has a great potential to overcome these challenges. It can 
treat dye-containing wastewater at room temperature by using hydroxyl radicals which are 
generated during the process. 
This project focused on the photo-Fenton degradation of Methyl Orange (MO) using LaFeO3 (LFO) 
perovskites. The catalytic properties of LFO, 10 % Ag-doped LFO (10AgLFO) and 10 % Ca-doped LFO 
(10CaLFO) were tested in the photo-Fenton reaction under the visible light illumination at 
atmospheric pressure and controlled temperature.   
All LFO, 10AgLFO and 10CaLFO were synthesized by a facile hydrothermal reaction. Their structural, 
morphological and optical properties were characterized using XRD, SEM, EDS, and UV-vis 
spectroscopy. The sample LFO, which was prepared using the hydrothermal method with 800 °C 
calcination, showed good crystallinity, small pore size and pore volume, good surface area and low 
band gap energy. It was proven to be the better photocatalyst as compared to 10AgLFO and 
10CaLFO. Therefore, LFO was selected over 10AgLFO and 10CaLFO to investigate the effect of 
operation parameters, e.g. MO concentration, light source and presence of co-existing ions, on the 
photo-Fenton catalytic degradation of MO. Under the initial conditions: pH = 6, 10 mg /L MO 
concentration (no co-existing ion), 0.3 g/L H2O2, and 0.1 g/L LFO, ~70% of MO degradation rate was 
achieved after 120-min photo-Fenton reaction under visible light illumination. 
  
Chapter 2 Introduction  
Organic dyes are widely used in many textile industries, as one of the main groups of pollutants that 
are present in wastewater. Textile industry is one of the largest industries that contribute to the 
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growth of every economic nation. The significant growth of textile industry uses a large amount of dye 
each year ranging from 700,000 to 1,000,000 tons per year. Synthetic dyes are common for large-scale 
industrial use as compared to natural dyes. It is because synthetic dyes have lower production cost, 
have ability to portray a broad range of colours, and perform better from its fastness specification. 
The discharge of wastewater containing dyes into environment without proper treatment can cause 
serious water pollution. For example, methyl orange (MO) is one of the carcinogenic water-soluble 
azo dye, which is widely used in many textile industries. MO has low biodegradability and is very 
difficult to be removed effectively from aqueous solution by traditional water treatment methods. [1] 
Lanthanum orthoferrite LaFeO3 (LFO) is one of the promising photocatalysts exist from perovskite 
material. Its special properties consist of high stability, non-toxicity and small band gap energy (2.07 
eV), made this type of perovskite an interesting visible light active photocatalyst (Iervolino et al., 
2016). Methyl orange (MO) is one of the carcinogenic water-soluble azo dye which is widely used in 
many textile industries such as printing paper, and research laboratories. Since Methyl orange is 
stable, low biodegradability and is soluble in water, it is very challenging to be removed from aqueous 
solutions by common water purification treatment methods. [2] Similarly, many of dyes cannot be 
easily degraded in nature. The conventional methods for dye removal include biochemical and 
physical-chemical methods, such as membrane separation, ozonation and adsorption, which are not 
cost effective and very efficient. Therefore, the removal of organic dyes from wastewater is a great 
challenge and a pressing task. Advance oxidation processes (AOPs) have been suggested as promising 
methods. [3] 
 
Advanced oxidation processes (AOPs) have attracted research interest since they remove organic 
pollutants by degrading rather than transferring into a different phase which commonly occurs in 
many conventional wastewater treatment processes. [4] Those processes include photocatalysis, 
photo-Fenton, Fenton, etc. For example, photocatalysis is a simple and innovative technology that 
enables useful applications such as degradation of organics and dyes (e.g. RhB), antibacterial use, fuel 
generation and carbon dioxide reduction [5]. Photocatalysis for the removal of organics and dyes 
normally occurs in the following several steps, photoexcitation, charges separation and transfer to the 
surface, charges recombination and photocatalytic redox reaction. One of the advantages of advanced 
oxidation is the generation of strong oxidants, hydroxyl radicals (OH∙), which are capable of completely 
oxidising most organic compounds into carbon dioxide, water and simple acids. They can also destroy 
compounds that are not adsorbable or partially adsorbable. [4].  
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Similar to the photocatalysis, the Fenton and photo-Fenton processes can be used for the removal of 
dyes from wastewater systems. In the Fenton process, the reaction between H2O2 and Fe-based 
catalysts produces OH∙ radicals. The drawback of homogeneous Fenton process include a limited 
operational range of pH 2 to pH 4 and production of iron sludge. [6] However, the use of light source, 
either UV or visible light, induces a photo-Fenton reaction, which can generate more OH∙ radicals for 
the removal of more organic pollutants. Visible light is preferred over UV light when considering the 
cost and energy use for practical applications. Among various types of materials, perovskite oxides 
have been widely studied and found as efficient heterogeneous photo-Fenton catalysts for the 
degradation of organic pollutants under visible light. Especially LaFeO3 (LFO) has shown attractive 
features, including its non-toxicity, chemical stability, and small band gap energy. The literature 
suggests the doping or substitution of an element in the LFO structure might induce the change in the 
composite and symmetry of materials, which can be a promising strategy to improve the 
photocatalytic performance of the LFO-based catalyst further. [7] 
 
Chapter 3 Objectives  
 
The main objective of this thesis is to synthesize LFO, Ca and Ag-doped LFO perovskites; and to study 
their use as the photo-Fenton catalysts for the degradation of organic dye in water under visible 
light illumination. First of all, the characteristics of perovskites will be examined in detail using 
different characterizing techniques. Their performance in the photo-Fenton degradation of MO will 
be evaluated to determine the best catalyst for use, followed by the optimization on the testing 
conditions, such as light source, dye concentration and co-existing ions.  
  
Chapter 4 Literature Review 
4.1 Catalysts in Wastewater Treatment 
According to the studies, the heterogeneously dispersed semiconductor photocatalysts are ideal and 
useful since their surface provide a fixed environment for the treatment of chemicals.  Moreover, the 
workup of the reaction mixture is easier since powder can be easily separated using centrifugation. 
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When the catalysts are in the form of nanoparticles, they provide large surface area, which can be 
exposed to the reactant, for enhanced removal as compared to other systems. [8] 
 
4.1.1 Titanium dioxide (TiO2)  
 
TiO2 photocatalyst has been widely investigated and applied for AOP of wastewater treatment. A 
recent study from Binas et al. showed TiO2 photocatalytic activity was affected by the light absorption, 
charge rate and surface reactivity, [9] while Binas et al. focused on the efficiency of TiO2 on the 
removal of environmental pollutants in both indoor and outdoor, Zhao et al. summarised the 
disinfection performance of TiO2 on the inactivation of severe pathogens situated in the water and 
only in indoor environment [10]. Zhao et al. also examined the major influences of TiO2 point defects 
on CO2 photoreduction with H2O, by changing the catalysts' gas adsorption capabilities, optical 
properties, and electronic structures [10].  
Pilot plant scale solar photocatalytic experiments were attempted in two steps using a pilot plant 
reactor with Command Parabolic Collectors (CPC) optics installed at Plataforma Solar de Almería. Both 
synthetic and real wastewater from a municipal wastewater treatment plant was used to investigate 
the degradation of Indigo carmine dye in the presence of TiO2. The report found that the treatment 
of real wastewater from a municipal wastewater treatment plant required less energy when 
compared to the synthetic wastewater via photocatalytic degradation. [11]  
Doping on TiO2 has been suggested as an efficient way to improve the photocatalytic performance. 
Au-TiO2 was used to improve photocatalytic removal of Estrone in wastewater. [12] The results 
revealed 4 wt% Au-loaded TiO2 performed better than TiO2 when degrading Estrone under UVA (ultra 
violent) compare to white and green using LED (light emitting diodes) . This was attributed to the 
doped gold nanoparticles acting as electron sinks to minimise electron-hole recombination under the 
light [12]. These findings indicated the doping of photocatalyst posed a significant improvement in the 
photocatalytic removal of Estrone.  
In spite of these novel ways of treating dye-containing wastewater, the implementation of 
photocatalytic processes using ultraviolet radiation (UV) in a large industrial scale still possesses 
technical challenge and cost issue. Because UV light is expensive to maintain and is contained only to 
a small proportion of the solar (approximately 3–4%) spectrum, Oller et al. had successfully 
demonstrated that wastewater contaminated by medium to highly soluble pesticides such as 
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cymoxanil, methomyl, oxamyl, dimethoate, pyrimethanil and telone, can be treated successfully by 
photo-Fenton and TiO2 photocatalytic processes. However, the results indicated that Photo-Fenton 
treatment performed more efficient than TiO2, in pesticide degradation and also for TOC 
mineralization as well.[13] Therefore another alternative way is to synthesize new semiconductor 
catalysts which can absorb a greater amount of the light in the visible region of sunlight which 
comprises in the main part of the solar spectrum, and also undergo phot-Fenton process.[14] Many 
studies aiming this have been conducted and the group of perovskites has recently emerged as viable 
photocatalysts. LaFeO3 (LFO), which has perovskite structure, shows good chemical stability in 
aqueous phase, non-toxicity, low cost and good reusability. As compared to TiO2, LFO is capable of 
photo-excited under visible light irradiation due to its low bandgap energy and acts as a photo-Fenton-
like catalyst. 
4.1.2 Perovskite: Lanthanum Orthoferrite LaFeO3 (LFO) 
 
The mineral perovskite CaTiO3 was discovered by Gustav Rose in 1839 and named after Russian 
mineralogist Count Lev Aleksevich von Perovski. Later any general group of oxides possessing similar 
structures are characterized by the general formula ABO3. Perovskites can be synthesized using a wide 
variety of chemical elements due to the accommodation of large A-site and small B site cations and 
its flexibility to incorporate of different cations sizes. Furthermore, their structure are capable of 
atomic scale intergrowth with other structural. Therefore, the materials of perovskites exhibit 
properties such as ferroelectricity, superconductivity, charge ordering, spin-dependent transport and 
have high thermos power. [15] 
 
Lanthanum orthoferrite, LaFeO3 (LFO) is one of the most common perovskite oxides. It has been 
reported to exhibit excellent photocatalytic properties under visible light irradiation. Moreover, LFO 
has been widely reported for various uses in many applications such as solid oxide fuel cells, sensors, 
oxygen permeation membranes, and as an environmental catalyst. [15]  
 
Sasikala and co-workers used hydrothermal method to successfully synthesize floral-like LFO 
nanostructures comprised of nanosheets via a self-assembly process. SEM (Scanning Electron 
Microscopy), TEM (Transmission Electron Microscopy), XRD (X-ray powder diffraction), Fourier-
transform infrared (FTIR) spectroscopy analysis techniques were used to investigate the structural and 
chemical properties. [16] The sample was revealed with the orthorhombic structure of LFO and the 
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band gap energy of 2.10 eV. The study indicated that the LFO floral nanostructures exhibited higher 
visible-light photocatalytic efficiency than the bulk LFO samples for the degradation of RhB and 
methylene blue (MB). Moreover, the degradation of MB using the floral-like LFO was higher than that 
of RhB. [17] 
 
The hydrothermal synthesis of LFO has been studied in the details by varying synthetic solution pH, 
calcination temperature and iron precursor in the recent publication. [18] The report presented that 
the optimum conditions for synthesising LFO was using nitrate as an iron precursor with a pH of 9 and 
calcination at 800 °C. Using the LFO synthesized under the optimum conditions, the photo-Fenton test 
showed that 99.5% of RhB was removed after 90-min exposure to visible light. Finally, the report 
concluded through the photo-Fenton process, LFO has a great potential as a promising catalyst for the 
removal of organic pollutants. [18] 
 
Afifah et al. in 2016 report used the co-precipitation method to synthesize LFO with orthorhombic 
structure. [19] The prepared nanoparticles were characterized by several measurements such as XRD, 
dispersive energy X-ray, SEM, diffuse reflectance spectroscopy, vibrating sample magnetometer and 
electron spin resonance spectroscopy. Three processes: visible light (photocatalytic) and ultrasonic 
irradiation (sonocatalytic) separately and the combination between visible light and ultrasonic 
irradiation (photosonocatalytic) were used to investigate the catalytic activity of LFO nanoparticles at 
room temperature. The results indicated the degradation of MB ranging from 0.1-0.4 g/L of MB 
concentration followed the pseudo-first-order model in all three processes. The study concluded the 
photosonocatalytic process performed better than sonocatalytic and photocatalytic ones.  
 
Wang et al. successfully synthesized LFO nanoparticles immobilized on the surface of monodisperse 
carbon spheres (LFO/C) through ultrasonic assisted surface ions adsorption method. [20] When the 
degradation of RhB was carried out under visible light irradiation, the LFO/C nanocomposites were 
evaluated as photo-Fenton like catalysts. The report also indicated the LFO/C nanocomposite 
possessed a higher specific surface area and significantly enhanced the photo-Fenton-like catalysis 
than pure LFO.  
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4.1.3 Metal-doped LFO catalysts  
It is considered as a promising strategy to improve photocatalytic performance of a catalyst by 
replacing the element on the A-site or B-site in the ABO3 structure, leads to the change in the 
composition and symmetry of material. [21] Due to photocatalytic activity of LFO was limited by weak 
separation of photogenerated electron-hole pairs, doping increased the surface area by creation of 
pores, and decreased the particle size, thus leading to an increase of the adsorption of pollutants. For 
example, recent studies indicate doping of metals such as Ca, Li, on A site and Zn, Mn on B site of LFO 
improve the photodegradation of MB as compared with the non-metal doped LFO. [22] Furthermore, 
the metal loaded semiconductor system such as Pt, Pd or Rh increase the hydrogen evolution rate by 
2 to 100. [8] Therefore, replacing the element on the perovskite structure has been proven to cause a 
change of composition and symmetry of materials and has been recognized as a promising method to 
enhance photocatalytic performance of resulting materials. 
4.1.3.1 Cu-doped LFO 
The Cu-doped LFO catalyst was proven as a highly effective photo-Fenton catalyst when compared to 
LFO. One of the advantages of using LFO over TiO2 is the use of visible light over expensive and energy-
intensive UV light in the photocatalytic degradation. Experiment results from Phan and co-workers 
found Cu-doped LFO produced more hydroxyl radicals, offered better stability and improved the 
overall performance of dye removal over LFO. Moreover, the report indicated high stability and 
reusability of LFO-15Cu which showed great potential as a catalyst for removing organic pollutants in 
wastewater. [7]  
4.1.3.2 Ag-doped LFO  
The recent experimental results showed that by doping 5% Ag to LFO, a remarkable increase was 
observed for the photocatalytic degradation of MB (up to 99%) under visible light irradiation 
compared to LFO. Furthermore, the findings concluded that 5% Ag metal doping was the optimum 
condition to improve the maximum absorption of visible light for photodegradation. [23] 
4.1.3.3 Ca-doped LFO  
Li et al. prepared nanoparticles of LFO and Ca-doped LFO (La1−xCaxFeO3, x = 0.05–0.20) using a reverse 
microemulsion. [24] The product perovskite powders were characterized by thermogravimetry-
differential thermal analysis (TG-DTA), XRD and UV–Vis absorption spectroscopy. Fluorescent light as 
a visible light source was used to evaluate the visible-light photocatalytic activity of the photocatalysts 
in the degradation of MB. The results showed that the partial substitution of La3+ in LFO with 
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Ca2+ exhibited a strong photocatalytic activity for decomposition of MB under visible light irradiation 
due to the decrease in the crystallite size.  
 
The report concluded that three factors affected the photocatalytic activity. First, the photocatalytic 
activity increased at a higher Ca doping, because of reduced particle size and increased surface area. 
Both of them led to an improved adsorption of pollutants on the photocatalyst. Secondly, when the 
La3+ ion was displaced by Ca2+ ion, the Ca donor centres and O vacancies were formed. When the 
doping concentration of Ca was relatively low, the number of Ca donor centres increased with dopant 
concentration, resulting in an increase in the number of photoinduced electrons and then 
photocatalytic activity. [24] 
4.1.4 Heterogeneous Photo-Fenton Mechanism  
 
Fe(III) + H2O2         → Fe(II) + HO2• + H+                                                                            (1) 
Fe(II) + HO2• + H+ → Fe(II) + O2 + 2H+ +                                                                             (2) 
Fe(II) + H2O2               → Fe(III) + OH• + OH- +                                                                        (3) 
LaFeO3 + hv → e-cb + h+vb +                                                                                                     (4) 
e-cb + H2O2     →  OH• + OH-+                                                                                                  (5) 
OH• + MO   →  Degradation products+                                                                                  (6) 
 
 
Figure 1 (a) Schematic of MO degradation over LFO [18] 
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Figure 1(a) displays the schematic diagram of the heterogeneous photo-Fenton processes which uses 
LFO as the catalyst. In Figure 6, when LFO is exposed to visible light, it is promoted to an electronically 
excited state, characterized by the generation of electron-hole pairs (e-, h+), due to the promotion of 
electrons from the valence band (VB) to the conduction band (CB) by photon absorption. The energy 
difference between the two bands corresponds to the bandgap energy (Eg). When the electrons are 
promoted to the CB, the holes (h+) are generated in VB with a strongly oxidizing agent such as 
hydrogen peroxide, reducing and oxidizing sites are created respectively. These sites are capable to 
induce chemical reactions with adsorbed species such as MO. Secondly, Fe(III) from undergo series of 
steps to produce hydroxyl radical through interaction between the surface of the catalyst and 
hydrogen peroxide. [25]  
 
4.2 Factors Affecting Photocatalysis 
The rate of photodegradation of organic pollutants can be affected by a number of factors, such as 
properties of catalyst, light intensity, dosage of catalyst, and concentration of organic pollutants. [26]  
4.2.1 Properties of catalysts: crystal structure, shape, 
size, and surface area  
 
The structure and morphology of a catalyst plays a major role in achieving superior photocatalytic 
activity and degradation efficiency. For example, Saravanan et al. reported that the spherical-shaped 
ZnO samples showed higher efficiency as compared with the spindle and rod-shaped ZnO samples due 
to its larger surface area. The nanosized TiO2 material showed higher efficiency than the bulk in 
photocatalytic treatment of wastewater. This is because when the size of the catalyst is smaller there 
is an increase in surface to volume ratio, which enhances the number of active sites and thereby 
achieves higher catalytic activity. [26] Similarly, Thi To Nga Phan et al. reported spherical shaped LFO 
which has higher photocatalytic activity than rectangular shape LFO. [18] 
4.2.2 Effect of light source and intensity  
 
The photocatalytic degradation rate mostly depends on the light source and intensity. The result of 
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photocatalytic reaction varied under different light source. Some researchers have reported the 
reaction rate decreased with higher light irradiation intensity since the excessive light intensity 
promotes more electron-hole recombination. Therefore, a decrease in the reaction rate was 
observed. [26] Moreover, different light source such as UV and visible LED irradiation using various 
LED had been used to a number of environmental pollutants such as organic compounds, dyes, and 
indoor and outdoor hazardous gases have been degraded under the irradiation of ultraviolet and 
visible LED light irradiation. The results have demonstrated that LEDs represent a practical and 
competitive alternative light source for photocatalysis applications. [27] 
4.2.3 Dosage of catalyst  
 
The amount of catalyst added into the solution influences the rate of photocatalytic degradation. For 
example, when there is an increase in the quantity of catalyst introduced, the number of active sites 
on the semiconductor surface increases. As a result, the photocatalytic degradation rate is increased. 
However, if the catalyst loading is raised beyond an optimum concentration, the degradation rate 
declines because there can be a decrease in the light penetration into the solution. [26] 
4.2.4 Concentration and types of pollutants  
 
Another main factor affecting the degradation rate is the pollutant type and their concentration. Some 
studies recorded different photocatalytic activity of the same catalyst, under the similar operating 
conditions but with a variation in the initial concentration of contaminants. The change in the 
irradiation time is necessary to attain complete photodegradation. [26] 
4.2.5 Reaction temperature  
 
Various studies have proved photocatalytic activity depended on the reaction temperature. For 
example, when the temperature was raised above 80 °C, TiO2 could enhance the electron-hole 
recombination and desorption process of adsorbed reactant species, resulting in the decrease of 
photocatalytic activity. However, due to photonic activation, heat is not required for photocatalytic 
systems and can easily be operated at room temperature. Therefore, this optimum range mainly 
depends on the activation energy of the material in the photocatalytic reaction. [26] 
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4.2.6 Effect of pH  
Shourong et al. reported that the change in pH affected the efficiency of the organic degradation. [26] 
In the photocatalytic reaction, the pH of the solution is a vital factor, since it affects the surface charge 
property of the photocatalyst. It can vary the electrostatic interactions between charged particles and 
the contaminants. Subsequently, this interaction greatly influences the adsorption and then 
degradation.  
4.2.7 Effect of co-existing ions  
 
Devi et al. used solid metallic iron powder for heterogeneous advanced photo-Fenton process under 
UV to degrade of Alizarin Red S (ARS). [28]  In this report, the degradation of ARS was affected by pH, 
catalyst loading, the concentration of the oxidants, chloride (Cl-) and sulfate (SO42-) ions. The report 
confirmed a decrease in the degradation rate constant when 1 M of chloride (Cl-) and 1 M of sulfate 
(SO42-) were introduced, which validated the quenching of the hydroxyl radical by inorganic anions. 
Based on the results, it was concluded that both chloride (Cl-) and sulfate (SO42-) ions retarded the 
efficiency of the process by scavenging the hydroxyl radical and also by forming the complexes with 
iron ions. These inorganic ions reduced the generation rate of hydroxyl radicals from Fenton reagents. 
[28] 
 
 
Chapter 5 Materials and Methods  
 
5.1 Chemicals 
 
Lanthanum nitrate hexahydrate (La(NO3)3∙6H2O; 99.9), H2O2 (30 wt%), citric acid C6H8O7 ∙ H2O, 
ammonia solution (25%) and Methyl Orange (MO) were purchased from Sigma-Aldrich and used as 
the starting materials. Iron nitrate nonahydrate (Fe(NO3)3∙9H2O) was purchased from Alta Aesar. All 
of the chemicals were used without further purification. For all the experiment the deionised (DI) 
water was used.  
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5.2 Synthesis of LaFeO ₃ photocatalyst 
 
Photocatalyst LaFeO3 (LFO) was synthesized by adopting a hydrothermal method in this experiment. 
The synthesis of LFO began with the precursor solution which was prepared by mixing 0.5 mol/L of 
La(NO3)3∙6H2O and Fe(NO3)3∙9H2O. After continuously stirring for 2 hours at the room temperature, 
the obtained precursor solution was then slowly added dropwise with ammonia solution. Precipitate 
started to form during the dropwise addition of ammonia and then dissolved completely when the pH 
of solution reached ~9. The resultant solution was then transferred into 50 mL Teflon-lined stainless 
steel autoclave, followed by the heating at 180 °C for 20 hours. The autoclave was then cooled to 
room temperature gradually. The particles were separated by centrifugation, washed with DI water 
and ethanol, and dried in the oven at 80 °C overnight. The final LFO photocatalyst was obtained after 
calcination at 800 °C for 6 hours (5°/min ramp rate).  
 
5.3 Synthesis of Ag and Ca-doped LFO 
photocatalysts 
 
Similarly, both Ag-doped LFO and Ca-doped LFO were synthesised in a very similar way as above 
synthesis of LFO photocatalysts. The only change was made with the addition of AgNO3 and 
Ca(NO3)2.4H2O for producing of 10% Ag-doped LFO (10AgLFO) and 10% Ca-doped LFO (10CaLFO), 
respectively. For example, to synthesize 10AgLFO, La(NO3)3∙6H2O, Fe(NO3)3∙9H2O and AgNO3 were 
mixed together to prepare 1 mol/L of solution. The obtained precursor solution was then added with 
1 mol/L of citrate acid and continuously stirred for 2 hours at the room temperature. From this point, 
by following the same synthetic procedures of LFO, the final product 10AgLFO was produce. Similar 
procedure was also used to synthesized 10 % Ca-doped LFO (10CaLFO). 
 
5.4 Characterization of photocatalysts 
 
In the X-ray powder diffraction (XRD) analysis, the sample was finely crushed using a grind and placed 
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on an aluminium sample plate. Then a few drops of ethanol were applied to hold the sample on the 
aluminium plate, which was air dried for about 10 minutes. The XRD analysis was performed on a GBC 
eMMA X-ray diffractometer with Cu Kα radiation using an acceleration voltage of 35kV and a current 
of 28mA. The 2θ scan region was set to be at 10 – 80° with a rate of 1 °/min. Based on the results of 
XRD analysis, the average crystal sizes of the samples were estimated based on Scherrer’s formula. 
The cell volume and the lattice parameters of the samples can be determined using Bragg’s law.  
Morphology and the textural features of 10AgLFO, 10CaLFO and LFO were studies by using scanning 
electron microscope (SEM) (5kV; Zeiss 1555 VP-FESEM) from the University of Western Australia. 
Before SEM analysis, the sample was coated with a thin layer of platinum. On the other side, the 
carbon coating was used when determining the composition of the samples by using SEM (15Kv; JCM-
6000) which is equipped with energy dispersive X-rays spectroscopy (EDS) detector.  
To study the surface area and porosity of catalysts, N2 adsorption measurement was carried out at -
196 °C using SAPA2010 (Mircometrics Inc USA).  The sample was pre-treated at 150 °C for overnight 
under vacuum. The total pore volume was evaluated from the adsorbed nitrogen amount at a relative 
pressure P/P0 of 0.98. The surface area was determined from the linear part of the BET plot (P/P0 = 
0.05–0.20) and the pore size was calculated from the desorption branch of the isotherm by using 
Barrett–Joyner–Hallenda (BJH). [7] 
To estimate band gap energy of the samples, PerkinElmer Lambda 650S 60mm Sphere UV/Vis 
spectrometer was used.  
5.5 Photo-Fenton removal of MO 
 
The photodegradation performance of the catalysts (LFO, 10AgLFO and 10CaLFO) was evaluated by 
using MO as the model organic dye in aqueous solution under visible light. A cylindrical Pyrex reactor 
was used in the experiment, which was equipped with a circulating water jacket and was capable to 
maintain the reaction temperature at 18 °C. 0.1 g of the photocatalyst was added into the reactor, 
followed by the addition of 100 mL of MO aqueous solution. The solution was then maintained in the 
dark for 30 minutes with constant stirring to reach the adsorption-desorption equilibrium between 
MO and the photocatalyst. Afterwards, the photo-Fenton reaction was quickly initiated by introducing 
1mL of 30 w/v % H2O2 to the solution and using a xenon lamp (CEL-HX F300, Beijing, China) with a 400 
nm cut-off filter. The reaction solution was exposed to the visible light for approximately 2 hours, 
during which approximately 3 mL of the suspension was taken from the system at an interval of every 
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15 minutes. Then the extracted suspension was centrifuged to separate the residual catalyst particles, 
and then monitored by using Perkin Elmer Lambda 750 UV/vis spectrometer. The absorption value at 
the wavelength of 463 nm was selected to monitor MO concentration based on the literature review. 
The photocatalytic degradation was evaluated based on  𝐶𝐶
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
; where Cinitial and Ct are the MO 
concentration before degradation and during degradation at a given period of time, respectively. To 
evaluate the rate constant k, direct and indirect photocatalytic pathways are two mechanisms that 
had been proposed for any given photocatalytic reaction. For any heterogeneous photocatalysis, 
especially in this report, the Langmuir–Hinshelwood process is applied and can be explained on the 
basis of production of electrons and holes by the photoexcitation of the catalyst. The electron hole 
pairs are generated when UV or visible light was exposed to the photocatalyst. Then the electron hole 
pairs were trapped by the adsorbed dye molecule on the catalyst surface to form a reactive radical 
state which can decay as a result of recombination with an electron resulting in regenerating of the 
catalyst. [29] Langmuir–Hinshelwood expression can be given in simpler form:  
r =- 𝑑𝑑𝐶𝐶
𝑑𝑑𝑡𝑡
 =  𝜅𝜅 𝐾𝐾𝐶𝐶
1+𝐾𝐾𝐶𝐶
   
where r (rate of the reactant), C (Concentration of reactant), 𝜅𝜅 (rate constant), K (adsorption 
coefficient of the reactant), t (illumination time). 
When the concentration Cinitial is small the equation can be simplified to an apparent first-order 
equation: -ln 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖
𝐶𝐶𝑡𝑡
 = 𝜅𝜅 t.  
By plotting A plot of ln –ln (Cinitial/Ct) versus time represents a straight line, the slope of which upon 
linear regression equals the pseudo first-order rate constant k. Therefore, the L–H model was 
established to describe the dependence of the observed reaction rate on the initial solute 
concentrations. [29] 
To investigate the effect of light sources on the photo-Fenton removal of MO using LFO, two different 
light sources, A xenon lamp (CEL-HX F300, Beijing, China) and a projector lamp, were used with a 400 
nm cut-off filter to illuminate visible light to the reaction solution. MO concentration was varied from 
10 mg/L, 20 mg/L to 30 mg/L to study the effect of MO concentration on the photo-Fenton removal 
of MO by using LFO. Different co-existing ions such as Cl¯, NO3¯, SO4¯ were selected to study their effect 
on the degradation of MO. 
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5.6 Limitations and assumptions 
 
There were a few limitations, and assumptions which come across during the project’s experiment. 
Therefore, some assumptions were taken to adjust to the limitations and to meet the project 
requirements and objectives. For example, it was known that gases such as CO2, H2O and ions are 
produced during final degradation of MO dye, however, due to lack of equipment, the final 
composition constituents in the degraded solution were assumed to be only consisted of MO and 
H2O. Another major assumption was made when testing the effect of different MO concentration 
and co-existing ions. The absorption-adsorption equilibrium was assumed to be able to achieve at 30 
minutes and Na ions does not effect during co-existing ions experiment assumption was made as 
well. Furthermore, while performing the photo-Fenton degradation test, the light output was 
assumed to remain constant. 
 
 
 
 
Chapter 6 Results and Discussion  
 
6.1 Material Characterization  
6.1.1 XRD patterns 
As shown in Figure 1 (b), the distinct characteristic peaks were observed at 22.76, 32.36, 38.56, 39.86, 
46.48, 52.3, 53.58, 57.72, 67.6, 72.32 and 76.96° can be index as the (101), (121), (121), (112), (220), 
(202), (141), (311), (240), (242), (143) and (204) respectively. [7] These results indicate well crystallized 
orthorhombic structure for all three samples (LFO, 10AgLFO and 10CaLFO) according to the XRD ICDD 
software analyser (JCPDS No. 01-075-0541). Note that there is a peak at around 45°, which is believed 
from the Al2O3 background plate used during the XRD analysis. [30] No peaks representing the crystals 
of metals (e.g. Ag) or other impurity were detected during the XRD analysis. Only single perovskite 
phase was formed for both 10AgLFO and 10CaLFO. Moreover, both metal-doped LFO samples 
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exhibited similar intensity of peaks as compared to that of the pristine LFO. Hence, the crystal 
structure of LFO was not affected by the doping with Ca or Ag. The XRD result also indicates the 
calcination at 800 °C can lead to the formation of well-crystallized perovskite particles, which coincide 
with the literature. [7, 18] 
 
Figure 2(b). XRD patterns of LFO, 10AgLFO and 10CaLFO. 
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6.1.2 Band gap analysis 
 
The feature of band structure is widely known as a key evaluator for the photocatalytic activity of a 
photocatalyst. As shown in Figure 2, the UV-vis absorption spectra and the band gap energy indicate 
LFO, 10AgLFO and 10CaLFO are eligible for use to degrade organic pollutants under visible light 
irradiation. [7] However, the doping of metal ions, such as Ag and Ca, into LFO resulted in higher band 
gap energy as shown in Figure 2. The increase of band gap of 10CaLFO and 10AgLFO would be 
unfavourable to capture more photons and generate more electron-holes, thus reducing the 
photocatalytic activities of the catalysts. Therefore, the higher band gap energy may contribute to the 
poor photo-Fenton removal of organic pollutant when using the meta-doped LFO as the catalyst. 
Especially 10CaLFO shows significantly higher band gap than 10AgLFO and LFO.  
 
Figure 3 UV-vis absorption spectra and band gap energy of LFO, 10AgLFO, 
10CaLFO. 
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6.1.3 Nitrogen adsorption-desorption analysis    
In the nitrogen adsorption-desorption isotherm curves (Figure 3), all the samples of LFO, 10CaLFO and 
10AgLFO exhibited type IV isotherms with type H3 hysteresis loop, where a steep increase was 
observed in the high-pressure range (0.8<P/P0<1). This observation is consistent with the literature. 
[7] Table 1 summarises the corresponding values of BET surface area, pore volume and pore size of all 
samples. The specific surface areas (SBET) of LFO, 10AgLFO and 10CaLFO, are 11.875, 18.389 and 
15.392 m2/g respectively. As can be seen, the 10AgLFO and 10CaLFO have slightly larger surface areas 
when compared to that of LFO. The pore volumes of LFO, 10AgLFO and 10CaLFO are 0.02767, 0.0858 
and 0.08164 cm3/g, respectively; whilst the average pore sizes of LFO, 10Ag-LFO and 10Ca-LFO are 
197.048, 347.296 and 348,119 Å, respectively. These pores might be formed caused by the 
agglomeration of small particles, which have been evidence in the SEM images (Figure 4). These data, 
as summarized in Table 1, suggest that the LFO samples doped with Ag and Ca only improves the 
surface area but not the pore volume and pore size of the sample. The increase of surface area may 
lead to enhancement in the photocatalytic activity as it is stated in literature, [31] However, it is noted 
that there is only a slight increase of SBET for the samples of 10AgLFO and 10CaLFO, which might have 
a limited impact on the change of their photocatalysis efficiency.  
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.  
Figure 4. N2 adsorption-desorption isotherm curves of LFO, 10CaLFO, and 
10AgLFO. 
 
Table 1. BET surface area, pore volume and pore size of LFO, 10CaLFO, and 10AgLFO. 
Sample SBET (m2/g) Pore volume (cm3/g) Average Pore size 
(Å ) 
LFO 11.8751 0.02767 197.048 
10AgLFO 18.3895 0.0858 347.296 
10CaLFO 15.3921 0.08164 348.119 
 
6.1.4 Morphology and EDS analysis  
Figure 4 shows the similar morphology of agglomerated particles for all three samples, LFO, 10CaLFO 
and 10AgLFO. When 10% of Ca or Ag was doped into LFO, the particles appear to merge together to 
form larger agglomerates. This effect is rather noticeable especially for 10CaLFO (Figure 4), when 
compared to the pristine LFO. However, both no obvious of impurity particles were observed in 
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Figure 4 for the samples of 10CaLFO and 10AgLFO, suggesting the successful substitution of Ag and 
Ca in the La sites. 
 
Figure 5. SEM images of LFO, 10AgLFO and 10CaLFO (scale bar = 1 µm and 
200 nm). 
 
 
The energy dispersive X-ray (EDX) analysis is a method to determine the elemental composition of a 
sample. [31] The EDX spectra and raw data of LFO, 10AgLFO and 10CaLFO spectra are presented in 
Appendix. These diagrams prove the presence of Fe, O, Ag, Ca and La in the samples. As can be seen 
in Appendix I, the peak intensity of each element corresponding to its content varies in each sample. 
Table 2 summarize the molar ratios of the elements, La, Fe and metals used in doping (Ag or Ca). 
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10AgLFO and 10CaLFO shows approximate 0.029 : 0.918 and 0.037: 0.922 molar ratio of doped Ag and 
Ca with La respectively, which is lower than the theoretical ratio of 0.1 : 0.9 for metal doping. This 
suggests that some of Ag or Ca may lose during the synthesis of 10AgLFO or 10CaLFO.  
 
 
Table 2. EDS analysis of LFO, 10AgLFO and 10CaLFO. 
*Metal is referred to the metal which was used during the doping, Ag or Ca.  
 
 
6.2 Removal of MO by LFO, 10AgLFO and 10CaLFO 
6.2.1 Adsorptive and photo-Fenton removal of MO 
The photocatalytic activity of LFO, 10AgLFO and 10CaLFO were investigated for the removal of MO in 
the presence of both hydrogen peroxide and visible light (Figure 5); the summary of the reaction 
constants k and 𝑅𝑅2 of photodegradation results are shown below in Table 3. Figure (5) indicates ~30% 
of MO removal is observed for non-doped LFO sample as compared to the literature results of LFO 
samples performed under same condition such as amount of H2O2 dosage, catalyst loading, MO dye 
concentration and same light source. [21] However, for metal doped LFO samples only ~20% of MO 
removal for 10CaLFO and ~24% of MO removal for 10AgLFO was determined after 1-hour visible light 
irradiation.  
 
After 2-hour exposure to the visible light, the following photocatalytic efficiency order: LFO > 10Ag-
LFO > 10Ca-LFO was achieved. LFO performed best with 70% removal rate; whilst 39% and 48% 
removal of MO were recorded by using 10AgLFO and 10CaLFO respectively. The pseudo-first-order 
kinetic was observed on Figure (5) for 10AgLFO and 10CaLFO, both of which have similar 
Sample Theoretical 
Metal*:La 
molar ratio  
Actual Metal*:La molar 
ratio 
Theoretical La:Fe  
molar  ratio 
Actual La:Fe molar ratio 
LFO   1:1  
10AgLFO 0.1:0.9 0.029:0.918 0.9:1 0.918:1 
10CaLFO 0.1:0.9 0.037:0.922 0.9:1 0.922:1 
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photocatalytic activity with a kinetic constant k value of apprixmately 0.003/min and 𝑅𝑅2 value of  0.99. 
LFO only displays with a 𝑅𝑅2value of 0.98 with the apparent k value of 0.0064/min. The superior 
performance when using LFO to those metal doped LFO samples is believed to be correlated to its 
structural, morphological and optical properties. For example, LFO exhibits lower band gap energy 
(Figure 2), smaller pore size and pore volume when compared to 10AgLFO and 10CaLFO, hence 
requiring less energy when taking part in photoreaction. Therefore LFO is determied as the best 
photocatalyst for the further investigations using different parameters. 
  
 
Figure 6 Photodegradation of MO using LFO, 10AgLFO and 10CaLFO (reaction 
conditions: Temperature =18 C; initial dye concentration = 10 mg/L; catalyst 
dosage = 1.0 g/L; initial H2O2 concentration = 0.3 g/L; initial pH = 6; NaCl =0). 
 
Table 3. Summaries of photodegradation rate constant of LFO, 10AgLFO and 10CaLFO. 
Sample Rate constant k (1/min) R2 
LFO 0.0064 97.837 
10AgLFO 0.0037 99.434 
10CaLFO 0.0030 98.990 
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6.3 Effect of operation parameters on photo-
degradation 
6.3.1 Effect of light source 
Two different light sources with different light intensity 1134 W/m2 and 1734 W/m2 were used to 
investigate their effect on the photo-Fenton degradation of MO. The results are presented Figure 7. 
After 60 min illumination to the light source with an intensity of 1734 W/m2, ~33 % of MO (pseudo-
first-order reaction constant = 0.093) was removed by using LFO in photo-Fenton reaction. However, 
only ~9% MO removal (pseudo-first-order reaction constant = 0.0014) can be seen with the use of the 
light source with an intensity of 1134 W/m2 under the same conditions. Therefore, by observing the 
pseudo-first order reaction constant, light intensity with 1734 W/m2 performed nearly 10 times than 
light source with an intensity of 1134 W/m2. The study from Paliwal et al. also showed that the rate 
of reaction increased by increasing light intensity, when BiFeO3 and Co-doped BiFeO3 was used to 
photodegrade Evans Blue. This was explained by that, when light intensity was increased, the greater 
number of photons contacting per unit area also improved the photodegradation. [32] Therefore, the 
results in Figure 7 indicate the light source with higher light intensity can enhance photo-Fenton 
degradation of MO by using LFO.   
 
 
Figure 7 Photodegradation of MO using LFO  (reaction conditions: Temperature =18 C; initial 
dye concentration = 10 mg/L; catalyst dosage = 1.0 g/L; initial H2O2 concentration = 0.3 g/L; 
initial pH = 6; NaCl =0, high light intensity = 1374, low light intensity = 1134 ). 
6.3.2 Effect of MO concentration 
The effect of dye concentrations on the photo-Fenton degradation of MO was examined by varying 
the initial dye concentration from 10 to 30 mg/L. As observed in Figure (8), the photocatalytic 
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efficiency of LFO decreased when initial MO concentration was increased from 10 to 30 g/L. The 
observed apparent rate constant k for MO degradation at a concentration of 10, 20, and 30 g/L was 
0.009, 0.065, and 0.0055/min, respectively. These results are similar to the observation published by 
Soltanabadi et al., [28, 31] who observed that photodegradation of RhB reduced with increasing the 
initial RhB concentration.  
A possible explanation is that the efficiency and rate of degradation is related to the formation of •OH 
radicals on the catalyst surface. By increasing the initial concentration of MO, the active sites on the 
photocatalyst may be inhibited by dye molecules and thus reduce the photon absorption.[28]  
Moreover, at high MO concentration, an excessive amount of MO molecules suppressed light 
penetration into the suspension, as well as possible light absorption by dye molecules. [31]  
 
 
Figure 8 Effect of different MO concentration on photo-Fenton removal (reaction conditions: 
Temperature =18 C; initial dye concentration = 10 mg/L; catalyst dosage = 1.0 g/L; initial H2O2 
concentration = 0.3 g/L; initial pH = 6; NaCl =0) 
 
6.3.3 Effect of co-existing ions 
 
As shown in Figure (9) and (10), the presence of co-existing ions inhibits the photo-Fenton removal of 
MO. The initial concentration of Assuming negligible effect of Na+, the results indicate that Cl- 
attempted to inhibit the MO removal when using LFO. This effect is evident as shown in Figure when 
0.1 M of NaCl was added into the solution; the photocatalytic efficiency decreased significantly from 
67% removal (k=0.0094/min) to 33% removal (k=0.00109) of MO under 2 hours of irradiation. The 
effect of co-existing ion on the photo-Fenton degradation of MO is presented is very well known, 
inorganic ion such as chloride (Cl-), is commonly present in the wastewater originated from dyes and 
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textile industries; thus, its effect on photo- degradation of MO cannot be neglected. In the presence 
of 0.01 M Cl, only 62.8% MO (k = 0.0170/min) was removed, which was much lower than that (92.9%; 
k=0.0468/min) when no Cl was added in the dye-containing solution. Cl might also act as the scavenger 
of OH and h+, thus reducing the formation of hydroxyl radicals and lowering photodegradation 
efficiency. This is confirmed by Thi To Nga Phan et al. where 62.8% removal of MO was observed when 
0.01 M of NaCl was added compare 92.9% when no NaCl was added. Report from Sirtori et al. [33] 
investigated efficiency of photon-Fenton process in Nalidixic acid (NXA) degradation. In this study, 
NXA was dissolved in demineralized water, saline water containing 5 g/L of NaCl and simulated 
industrial effluent. DOC removal of 86%, 73% and 20% were reported after 92, 107 and 240 min. The 
report conclude that due to the high concentration of chlorine ions that interfere in the main process 
through formation of chloride-Fe(III) complexes;  •OH radical scavenging by chloride ions and 
generation of other species such as ClOH –, Cl , Cl2 –.  
 
These radicals are of lower oxidation potential compared to OH radicals. Similar results to that was 
reported by Devi et al., that in the presence of chloride ions, k of the photo-Fenton degradation of 
Alizarin Red S drastically decreased.  
However, when NaNO3 and Na2SO4 were prepared according to the literature [34]added , the presence 
of ions increased the photodegradation shown in Figure (12). The similar observation was made in 
Devi’s results; that when Na2SO4 was added, an increase of rate constant k was observed. The report 
indicated that the excess sulfate ions react with water molecule led to the generation of the hydroxyl 
radicals which increased the removal. [28] 
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Figure 9 Effect of co-existing Cl- ions on photo-Fenton removal (reaction conditions: 
Temperature =18 C; initial dye concentration = 10 mg/L; catalyst dosage = 1.0 g/L; initial H2O2 
concentration = 0.3 g/L; initial pH = 6; NaCl =0.1 M) 
 
 
Figure 10 Effect of co-existing ions (SO42- and NO3-) on the photo-Fenton removal of MO 
(reaction conditions: Temperature =18 C; initial dye concentration = 10 mg/L; catalyst dosage 
= 1.0 g/L; initial H2O2 concentration = 0.3 g/L; initial pH = 6; NaCl =0, SO42- = 4.55 g/L and NO3- 
=36 mg/L ) 
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Chapter 7 Conclusions 
 
LaFeO3, 10% doped Ag (10AgLFO) and 10 % doped Ca LaFeO3 (10CaLFO) catalyst were successfully 
prepared using an efficient synthesis procedure via a hydrothermal method. The produced LaFeO3 
material presents high crystallinity and posses spherical symmetry with well uniform structure, 
which are essential characteristics for catalytic purposes. However, formation of clusters and 
aggregation were observed on SEM image of 10AgLFO and 10CaLFO and increased pore volume and 
pore size in N2 adsorption-absorption test. Heterogeneous photo-Fenton process using LaFeO3 as a 
catalyst demonstrated a satisfactory ability for degradation of the Methyl Orange dye from aqueous 
solution under the best reaction conditions, around 70% degradation was achieved compare to 39% 
and 49% degradation by 10CaLFO and 10AgLFO respectively under 2 hours of irradiation. Therefore, 
LFO was selected to test various experimental parameters such as different MO concentration, 
different light sources and effect of co-existing ions such as Cl-, SO42- and NO3-.  
The characterization results showed that the sample of LFO exhibited great surface area and a 
narrower bandgap energy compared to metal doped LFOs. It also exhibited higher total removal rate 
of MO (~70%) from dye water compared to 10CaLFO and 10AgLFO with photo-Fenton degradation 
(39% and 49% respectively in 2 hours in the presence of 10 mM H2O2, 1 g/L catalyst and pH of 6). The 
optimum operational conditions for photo-Fenton degradation using LFO were determined to be: 
(MO concentration = 10 mg/L, catalyst dosage = 1 g /L, pH = 6 and H2O2 = 10 mM.) Therefore, this 
high degradation efficiency of LFO could be use in industrial application of LFO as a visible-light-
driven photo-Fenton-like catalyst for removal of organic from wastewater. 
 
 
Chapter 8 Future Works and 
Recommendations 
 
This thesis focused on the synthesis of LFO, Ag / Ca-doped LFO using hydrothermal method and the 
characterization using various techniques such as XRD, N2 adsorption-desorption, SEM, EDS, and UV-
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vis spectroscopy. Based on the experimental results and experience in the project, some future works 
are recommended to be carried out. 
• Selection and use of LED 
Although two light sources were used in this thesis, further experiments need to be carried out to 
analyse the spectrum of each light source and understand the effect of light at a particular range of 
wavelength on the photocatalytic activity of LFO. The literature also suggests the favourable use of 
LED light in the photo-Fenton reaction, which should be selected and tested its suitability for the 
photo-Fenton removal of MO or even other organic pollutant by using LFO as the catalyst.  
• Doping on B-site of LFO  
This project targeted at the metal doping on A-site of LFO, but the literature suggests that doping at 
B site could improve the photocatalytic activity of resulting catalyst more significantly. Therefore, 
more studies should be carried out on the B-site doping. 
• Analysis of stability and reusability  
The determination of stability and reusability of LFO is essential to provide safe and efficient 
photocatalyst, which can be used for multiple times while ensuring safe environment in the practical 
application.    
• Assessment on cost and energy use  
Finally an assessment on operation cost and energy use is required to evaluate the feasibility using 
LFO in the photo-Fenton removal of organic dyes from industrial effluent. The energy and cost 
assessment on the LFO synthesis should also be included.  
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Calculation of Composition ration using EDS 
y = 0.0725x - 0.0237
R² = 0.9958
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